The transport of impurities, and the ensuing implications for current profiles and sawtooth dynamics, are crucial issues for tokamak physics'- 4 and future reactor designs.
Foremost, should alpha-particles behave neoclassically they could, in certain circumstances, accumulate in the center and quench the burn.' Despite significant work on neoclassical transport, 1~5 quantitative comparisons have been seriously impaired by the lack of complete spatial and temporal information about the main plasma impurities. In order to overcome this problem, simultaneous measurements were obtained with two x-ray arrays that have markedly different spectral responses to Alcator's main light [carbon (C)] and heavy [molybdenum (Mo)] impurities. [Work directed towards a similar goal is also ongoing elsewhere. 6 ] The results reported here describe the first measured impurity profiles to be quantitatively compared to the equilibrium predictions of neoclassical theory. In addition, we have observed an unambiguous connection between impurity profiles and sawtooth dynamics. This occurs through the effects impurity profiles have upon the plasma resistivity.
Figure la depicts the spectral efficiencies of the two x-ray arrays, A and B. Both are absolutely calibrated and conveniently cross-calibrated in-situ by operating with the same filter (A ). 7 The arrays view the plasma from the same toroidal position, array A (B) from the side (bottom). For array B, with relevant Alcator conditions, only ~ 2% of the detected x rays are from Mo ions (mainly from -An=2 transitions). This is because the filter response "cuts off" the dominant An=1 transitions that occur around 2.5 keV.8
The starting point for our analysis involves solving two equations for the C and Mo densities (nC and nm, respectively ):
(Py)nH (PC)nc.
ne In these equations EA and EB are the absolute x-ray emissivities determined from Abel inversion; ne is the electron density; nH = n, -ZCnC -ZMnM [Zc=6, ZM ~ 30, and It is worthwhile to stress that, contrary to "giant" internal disruptions attributed to large temperature fluctuations,' 2 the G.I.D. is of a different nature (notice the small temperature drop in Fig. 3d) . In fact, the temperature perturbation of the significantly smaller internal disruption following the G.I.D. (Fig. 2a) , is virtually identical to that of the G.I.D.
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Figures 3a and 3b show the experimentally determined C and Mo density profiles just prior to and after the G.I.D. The dashed curves are the asymptotic equilibrium profiles predicted on the basis of a rigorous multi-ion neoclassical theory." In comparing experiment with theory, it is crucial to note that C is in the plateau regime (ie. the C collision frequency is less than the transit frequency). Also, because of small Mo concentrations, diffusion of C is governed by its interaction with hydrogenic (H) ions. Thus the expression for the radial C flux is 1 3 , 4 n' n'e 1.5T'
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where T'/T is assumed to be the same for electrons and ions, and the prime indicates differentiation with respect to r. The exact source-free equilibrium solution to the continuity
is, using Equation (3),
Equation (5) predicts that it is the temperature profile which is responsible for peaking carbon since nH is slightly hollow due to central ion deficit effects (Fig. 3e) . Because the experimental (pre-disruption) temperature profile is well represented by a Gaussian, Equation (3) can be accurately recast as
where a is the minor radius. From the carbon peaking that occurs in the 12 msec interval preceeding the G.I.D.
(see Fig. 2a ), an estimate can be made of V and D inside 4 cm. Experimentally they are found to be of order 103 cm/s and 300 cm 2 /s respectively. The corresponding theoretical values are 500 cm/s and 150 cm 2 /s respectively. Thus the measured values are of the order of the neoclassical predictions. Typically most tokamaks 4 , including Alcator for non-pellet discharges 5 , have reported that impurity diffusivities are one to two orders of magnitude larger than the neoclassical prediction.
The dashed curve in Fig. 3b depicts the rigorous asymptotic source-free equilibrium profile for Mo, predicted by the appropriate mixed-regime theory' 3 (Mo in the PS regime,
C and H in the plateau). The detailed application of this theory is outlined in Appendix-I.
It is concluded there that Mo peaking is largely driven by the C profile. Thus for our experimental conditions, theory yields a Taylor-like solution 1 6 nu n c zc
where A is a well defined correction factor due to collision frequencies and mass ratios (temperature and hydrogen gradients are shown to be subdominant, in shaping Mo profiles for 0 < r'<4 cm). Due to the larger error in the experimental molybdenum profile, the experimental width is determined to be between a factor of 1.3 and 3.0 that of Eq.
(7).
From the theoretical viewpoint. however, it is crucial to carefully consider the role of the impurity-electron friction (as represented through the equation for ambipolar balance).
Specifically, molybdenum is a trace impurity, i.e.. OMo a " 3 x 10-3 while carbon is a major impurity, oc 1 . Thus for carbon the standard neoclassical treatment, which drops the carbon -elect ron friction vs. the carbon-hydrogen friction, is justified, i.e.
FH+ZCFCO0.
(8)
(Carbon-molybdenum friction is also negligible.) For the molybdenum test particles, how-ever, the full ambipolar balance must be considered, i.e.
Experimental estimates of the right-hand side of Eq. (9) yield a small net positive (i.e.
14 radially outward) contribution [F -10 at -4 cm], which has the effect of broadening the molybdenum equilibrium profile of Eq. (7) by a factor of 2. Thus, inclusion of the electron friction brings the theoretical prediction well within the experimental uncertainty.
Fitting and error analysis procedures are described next. Just prior to the G.I.D., impurity levels were observed to approach a minimum at about 6.5 cm, then rise outside this radius. Equations (1) and (2) were first used to estimate C and Mo profiles inside 6.5 cm. In turn these profiles were used to construct two Gaussians corresponding to nc and nm whose amplitudes and widths were varied until a good fit to the original data was achieved (see Fig. 4 ). Errors in the e-folding widths (oc and oUM) were then determined by varying ne and T, over their uncertainties: 15% in amplitude and 20% in width for n,;
10% in amplitude and 20% in width for T,. From this procedure it was determined that ac = 3.3+g8 cm, am = 3.5+0i* cm, and that the relative uncertainty in the on-axis ratio of C to Mo density is 22 (primarily due to the larger uncertainty in nM).
The post-G.I.D. profiles were determined by finding acceptable fits to the change in the x-ray. interferometer (ne). electron cyclotron ( T e), and visible bremsstrahlung signals.
Starting with the pre-disruption profiles, n,, T e, nC and nm were "flattened" so as to conserve particles and energy to about 1%. Figure 3 depicts the post-disruption profiles'
( Fig. 4 the corresponding x-ray "reconstructions"), from which it can be concluded that the unambiguous effect of the G.I.D. is to reduce on-axis impurities by a factor of 3.
Finally we posit that central carbon, the dominant non-hydrogenic contributor to
Zeff, has directly measurable effects on the MHD dynamics associated with the sawtooth period. As carbon gradually peaks following the pellet injection, the central Spitzer con-ductivity (calculated on the basis of the C. Mo, and T, profiles of Fig. 3) will hollow, leading to a flattening -possibly a hollowing -of the current profile (see i of Fig. 3f and Appendix II). This will significantly reduce the m=1 tearing rate, conventionally associated with the sawtooth disruption,18 since the growth rate scales as q'(r,)2. [q' is the derivative of the safety factor, and r, is the radius of the q = 1 singular surface.] The inhibition of the tearing mode should lengthen the sawtooth period, an effect observed during the reheat phase that follows pellet injection (Fig. 2a) . In addition, if the current is sufficiently flat, the safety factor should be above 1 everywhere in the plasma. In summary, differently filtered x-ray arrays have been used to simultaneously measure central carbon and molybdenum profiles, Alcator's dominant light and heavy impurities.
following pellet injection. The width of the carbon profile is close to the neoclassical prediction of a source-free equilibrium state. The experimental molybdenum profile, which is more uncertain, is between a factor of 1.3 and 3.0 times that of the asymptotic prediction; theory suggests, however, that the asymptotic molybdenum profile should not be experimentally realized as long as there is a significant radial outward diffusion of electrons (which is experimentally observed). We have no proven explanation why at first the pellet affects the impurity transport in the manner described above, whereas for non-pellet discharges (with standard sawtoothing) Alcator impurity transport is anomalous. 15 However, the hypothesis has been raised that pellet injection lowers r 8n = by a factor 2, thereby stabilizing the "ion mixing mode" 9 
Ib. Neoclassical Theory for Molybdenum
Molybdenum is a trace impurity in the Pfirsch-Schliiter regime. The case of such a trace impurity in a plasma containing a main impurity has been worked out in Reference Figure 3b includes all the terms of Eq. 6.129 (i.e. it includes the effects due to n' 1 and T', as well as that due to nC). However, for r<4 cm, this result differs only slightly from the Taylor-like solution,16 1.e. Equation (7).
Effect of Impurity Peaking on Current Density Evolution
Experimentally the sawtooth period is observed to lengthen after the large pellet is injected and impurity peaking is taking place. The diffusion equation for the current density is aj 118 .
--r -/ (1) &t po r49r Or r where for our case of interest the Spitzer resistivity il can be written as
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(Henceforth we will drop 0 and let T, = Te. Also, we drop the subscript on Zeff.
Equation (1) becomes
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Term I is a standard diffusion term and can only flatten j. Term 11 leads to temporal growth or damping of j depending on the sign of the second derivative of the resistivity. 
Zo (t) &t r ar Or 2 2 O\r u, 2 This indicates that inside ro w(t) the second term now produces damping, and outside 
cm.
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